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A hydroponic culture approach was used to determine
effects of different aluminium concentrations on root
elongation of Citrus seedlings cultivated in slightly acid
sulphate soils in the Mekong Delta. Visual detection of
aluminium tolerance levels was performed by evalua-
tion of haematoxylin-stained seedling roots. There were
significant differences among the species and cultivars.
Citrus volkameriana (Volkamer lemon) was the most tol-
erant and ‘Banhxe’ pummelo (C. grandis) the least
among the five Citrus cultivars and species tested.
Aluminium tolerance levels varied between 50µM and
500µM. There was a strong negative correlation
between root elongation and increasing aluminium con-
centrations. The intensity of the haematoxylin staining,
appearance of lateral roots, and root morphology were
dependent on the aluminium concentration. The recov-
ery of inhibited lateral roots, as well as the development
of new lateral roots, varied from one species to another
and differed significantly among Citrus species at an
aluminium concentration of 1 000µM. Among them, the
Volkamer lemon showed the best recovery.
Most of the soils in the Mekong Delta are young alluvial and
acid sulphate soils, making it one of the largest and most
complex wetland systems in south east Asia. Acid sulphate
soils (sulphaquets) occupy about 1.6 million ha. This type of
soil is poor because of low pH and low levels of phosphate,
high levels of aluminium and iron. Aluminium (Al) toxicity is
perhaps one of the main factors hampering cultivation in this
area.
Growing Citrus on alluvial soils is largely problem-free, but
on slightly acid sulphate soils (pH 4.2–5.5), aluminium toxic-
ity during the dry season may be encountered. Indeed, dur-
ing this period soil evaporation is very high, and water trans-
ported from deep in the soil to the surface, contains suffi-
cient levels of aluminium to harm the root system and lead
to serious yield loss. However, in several orchards on slight-
ly acid sulphate soils, production is maintained. Little, if any
information is available on aluminium-tolerant Citrus. 
Worldwide there are numerous regions where Citrus is
cultivated at low pH, such as São Paulo in Brazil, where the
pH ranges between 4.8 and 5.5. Raising the pH of these
soils is made difficult because of their high aluminium con-
tent, which restricts root growth. Also in South Africa, Citrus
is grown over a wide pH range, from 4.0 to 8.5 (Alva and
Tucker 1999).
Some of the methods for testing aluminium toxicity in
crops are based on the inhibition of root elongation in hydro-
ponic culture and the visual detection of aluminium tolerance
levels by staining seedling roots with haematoxylin (Polle et
al. 1978, Rincon and Gonzales 1992, Snowden et al. 1995,
Matsumoto et al. 1996). There are numerous reports regard-
ing aluminium toxicity in annual crops such as maize, barley,
wheat and soybean (e.g. Kollmeier et al. 2000, Pan et al.
2001, Delhaize et al. 1993, Silva et al. 2001). However, there
are only few reports regarding the response of perennial
crops to aluminium (Pavan et al. 1982), and almost no infor-
mation is available on Citrus. It is not known which Citrus
species or cultivars are sensitive or tolerant to aluminium.
We carried out experiments to determine the effects of dif-
ferent aluminium concentrations on root elongation of
seedlings of representative Citrus species for the different
provinces of the Mekong Delta, and to detect visual symp-
toms of aluminium toxicity.
Materials and Methods
Plant material
Fruits of three pummelo cultivars (Citrus grandis L.), ‘Ngot’,
‘Banhxe’ and ‘Ngang’ were collected in Longphu Village
(Cantho Province) and Hungphu Village (Soctrang
Province). The fruits were collected from plants on slightly
acid sulphate soils. Citrus nobilis var. microcarpa Hask, a
popular commercial species growing on alluvial soils in
many places of the Mekong Delta was collected in Cantho
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province. Volkamer lemon (Citrus volkameriana) seeds were
supplied from nurseries in the Cailay District (Tiengiang
province). The latter species was imported from France in
1997, and is presently used as rootstock for numerous
Citrus species in the Mekong Delta. Seeds of the three pum-
melo cultivars (‘Ngot’, ‘Banhxe’ and ‘Ngang’); Citrus nobilis
var. microcarpa Hask, and Citrus volkameriana were used in
hydroponic culture to test for aluminium tolerance.
Soil analysis
Soil samples were taken at 12 sites where pummelo culti-
vars are grown. They were collected around the root zone at
a depth of 0.5m, and analysed for pH and Al3+ by the Soil
Science Department, Cantho University. Aluminium was
analysed by titration (Sparks et al. 1996). For pH, soils were
finely ground, then distilled water was added in a ratio of five
parts distilled water to one part soil, shaken for 2h on a recip-
rocal shaker at 80 times per minute, filtered and the pH of
the filtrate measured.
Aluminium hydroponic culture test and haematoxylin
staining
Dry seeds of the pummelo cultivars, Volkamer lemon and C.
nobilis were washed with running tap water for 30min and
subsequently surface sterilised for 15min with 0.1% HgCl2
containing a few drops of wetting agent. Seed coats were
removed and seeds sown aseptically in high Meli-jars con-
taining 30ml of a medium consisting of 7g BDH agar and
0.1mM CaCl2, pH 4.5. Germination started after 10–15 days.
When germinated plants reached 6cm, uniformly rooted
plantlets were removed from the jars and washed with run-
ning tap water. A reference mark was made 10mm above the
root tip. Subsequently, the seedlings were placed in the
nutrient solution of Polle et al. (1978) without aluminium for
two days to acclimatise.
The levels of aluminium, supplemented as AlCl3, were
0µM, 50µM, 100µM, 300µM, 500µM, 1 000µM or 2 000µM.
pH was adjusted to 4 and readjusted three times a week.
The nutrient solution was renewed weekly. A plastic contain-
er, 20cm in diameter and 18cm in height, containing 3l of
aerated nutrient solution was used for the experiments. Ten
seedlings were placed on a foam disk floating on the nutri-
ent solution. The plants were grown at 45µmol m–2 s–1 and a
temperature of 26 ± 2°C.
The experiment was designed as a complete randomised
block with five replications. A replication consisted of a plas-
tic container with 10 seedlings (Figure 1a). Root elongation
was scored at three day intervals by measuring the distance
of the root tip from the reference line. For detection of alu-
minium at the termination of the experiments, roots were
rinsed with distilled water and placed in approximately
1 000ml of aerated haematoxylin solution for 15min at room
temperature (Polle et al. 1978). The staining solution con-
sisted of 2g haematoxylin and 0.2g NaIO3 per litre of water.
The roots were then placed in aerated distilled water for
10min to remove excess stain. For histological observations,
roots were fixed in FAA solution for 24h and dehydrated
through an ethanol series (35%, 50%, 70%, 83%, 95% and
100%, 1h for each concentration). The dehydrated samples
were immersed in ethanol-xylene (1:1) for 2h and then in
100% xylene for 2h. Samples were embedded in paraffin
wax and sectioned at 10µm with a rotary microtome.
Sections were mounted on slides, deparaffinised, and
stained with haematoxylin for microscopic examination.
Figure 1: (a) Hydroponic culture method used for testing Al-toxicity or tolerance; (b) Ngot pummelo root tip unstained; (c) intensive heama-
toxylin staining of the Ngot pummelo root tip (dark colour), 100mM of aluminium; (d) intensive heamatoxylin staining of the Citrus nobilis root
at 500mM of aluminium; (e) Transverse section of Ngot pummelo root, 15mm from the root tip. Intensive staining of root epidermis; (f) appear-
ance of Volkamer lemon lateral roots when treated with Al 2000mM; (g) longitudinal section of Citrus nobilis root treated with Al 2000µM; (h)
recovery of inhibited lateral roots of Ngot pummelo, and arising of new lateral roots (white) after 6 days in distilled water and aluminium treat-
ment. Magnification bars represent 0.1mm (e), 0.3mm (g), 0.5mm (b, c), 1mm (d), 5cm (a)
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Distilled water test to recover inhibited lateral roots
At the end of the experiments, seedlings of the three Citrus
species grown at aluminium concentrations ranging
between 500µM and 2 000µM, which manifested inhibited
lateral root development, were placed in a plastic container
with 3l aerated distilled water (see above). After six days the
seedlings were sampled and the number of recovered roots
was counted. Recovered roots were those which had been
inhibited during the elongation process at high aluminium
concentration, but which later produced new lateral roots.
The numbers of recovered roots were counted per total
inhibited lateral roots and converted to recovery percentage.
The experiment was designed as a complete randomised
block with three replications, as before.
Results
Aluminium levels in the soil
The results of Table 1 show that the lowest pH of the soil sam-
ples was 3.9 and the highest 4.7, corresponding respectively
to Al3+ concentrations of 6.87meq and 2.12meq per 100g soil.
Comparison of root elongation 
As shown in Figure 2, the Citrus species and cultivars dif-
fered in their responses to aluminium. As the aluminium con-
centration increased, relative root growth and elongation
decreased gradually in all species as compared to the con-
trol. For all tested species, root elongation was reduced by
less than 20% of the control at 50µM aluminium. For
‘Ngang’, ‘Ngot’, and Citrus nobilis and Volkamer lemon, the
reduction was less than 30% at 100µM, and for ‘Ngot’, Citrus
nobilis and Volkamer lemon, still less than 30% at 300µM. For
Citrus nobilis and Volkamer lemon, root elongation was less
than 30% and 40%, respectively, at 500µM. For all species
and cultivars the reduction was over 50% at 1 000µM, where-
as elongation virtually stopped at 2 000µM.
Root morphology and histology
Primary roots of seedlings of the three Citrus species
stained with haematoxylin are shown in Figure 1c, d, e, g.
When the roots were treated with 50–100µM aluminium, the
staining intensity was mainly manifest in the 0.4mm to
0.8mm apical region; untreated roots were not stained after
a treatment with haematoxylin (Figure 1b). There were dif-
ferences in staining intensity among the three Citrus species
treated with 100µM aluminium. In roots of the pummelo cul-
tivars, the staining intensity was intense in the apical 0.8mm,
whereas in Citrus nobilis and Volkamer lemon intensive
staining was limited to the upper 0.6mm and 0.4mm of the
apical region, respectively. However, as the virtual border of
the stained region was unclear; we recorded only the dark-
est stained region. The technique of haematoxylin staining
was useful to visualise aluminium accumulation in cells. Our
results showed that the stained region was limited to root tip
cells, which means that when treated with 100µM of alu-
minium, aluminium became concentrated in these root tip
cells. When the concentration was increased to 500µM, the
root tip region became wholly stained in the three Citrus
species (Figure 1d). Transverse sections, 15mm from the
root tip, showed that the stains were concentrated in the epi-
dermis. The inner cortex and stele were almost free of stain.
Epidermal cells were injured and characterised by an irreg-
ular layering (Figure 1e).
When the aluminium concentration was increased from
500µM to 2 000µM, lateral roots appeared. In ‘Banhxe’ lat-
eral roots appeared at the low concentration of 500µM; for
‘Ngang’, ‘Ngot’, Citrus nobilis and Volkamer lemon they
appeared at concentrations between 1 000µM and 2 000µM
(Figure 1f). The morphology of the new lateral roots was
abnormal, expressed in the form of knobbed tips (Figure 1f).
Haematoxylin staining showed that the lateral root tip was
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Figure 2: Effect of different concentrations of aluminium on root elon-
gation of Citrus species and cultivars over a period of 27 days. Each
point represents the mean for 50 seedlings.  = Volkamer lemon; V
= Citrus nobilis;  = ‘Ngot’;  = ‘Ngang’;  = ‘Banhxe’
Table 1: Amount of aluminium and pH of the soils at different sampling sites where Citrus grandis cultivars were collected
Cultivar Location pH* Al 3+ * (meq 100g–1 of soil)
‘Ngang’ Longphu village, Longmy District, Cantho Province 4.7 2.12
‘Banhxe’ Hungphu village, Mytu District, Soctrang Province 4.2 3.62
‘Ngot’ Hungphu village, Mytu District, Soctrang Province 3.9 6.38
* mean values of 4 replications
wholly stained, indicating that aluminium accumulated in the
apical region of lateral roots (Figure 1g).
The appearance of lateral roots as a function of time
(days) for the different Citrus species and different alumini-
um concentrations varied among species and aluminium
concentrations (Table 2). For ‘Banhxe’ and ‘Ngang’, lateral
roots appeared after 15 days at 2 000µM and 18–21 days at
500µM, whereas for ‘Ngot’, they appeared at 1 000µM and
2 000µM aluminium, after 15 days and 18 days in culture,
respectively. For both, C. nobilis and Volkamer lemon, the
appearance of lateral roots at 1 000µM and 2 000µM
occurred later, after 21 days and 24 days in culture. In gen-
eral, with increasing aluminium concentration, lateral roots
appeared sooner.
Observation of primary root morphology, before the
appearance of lateral roots on the three Citrus species
treated with aluminium concentrations between 500µM to
2 000µM, showed that the shape of the primary root tip
changed gradually from pointed to round, whereas subse-
quently lateral roots appeared (Figure 1g). These lateral
roots elongated briefly, and then stopped.
Roots growing in the presence of aluminium displayed a
number of morphological and structural malformations, espe-
cially in treatments with high aluminium (500–2 000µM).
Longitudinal sections of these roots showed root cap cells of
decreased size, whereas the meristematic region remained
short. The epidermal and outer cells of the cortex, both in the
meristematic and elongating regions, appeared detached,
distorted and even collapsed (Figure 1g). Cells of the meris-
tematic region were unequally distributed (Figure 1g).
Lateral roots originating from the pericycle, grew through
and destroyed the cortical cells and the outer epidermis. As
they emerged, new lateral roots became organised, in a
manner comparable to the parental roots. Sites that formed
lateral roots were located near the meristematic region or
further away in the elongation zone (Figure 1g).
Haematoxylin also stained the apices of the lateral roots.
This indicated that aluminium had also accumulated in cells
of the apical region of lateral roots.
Recovery of inhibited lateral roots and formation of new
laterals
Results presented in Table 3 show that inhibited lateral roots
recovered; in some the root tip extended, others formed new
lateral roots (Figure 1h). However, primary roots remained
inhibited in all Citrus species. Levels of recovery varied from
one species to another. For ‘Banhxe’ the recovery of lateral
roots only took place at aluminium concentrations of 500µM
and 1 000µM, but at 2 000µM. For ‘Ngot’, C. nobilis and
Volkamer lemon, the recovery and the development of new
lateral roots occurred at aluminium concentrations between
1 000–2 000µM (Figure 1h). The recovery of inhibited later-
al roots as well as the development of new lateral roots dif-
fered among Citrus species at the aluminium concentration
of 1 000µM. Among them, Volkamer lemon manifested the
best recovery of 47% (Table 3).
Discussion
Our results (Table 1) indicate that when the pH decreased
the amount of available Al3+ in the soil increased (from 2.12
to 6.87 meq 100g–1 of soil). In the same village, but for dif-
ferent sampling sites, the pH and Al3+-concentrations were
different. Thus, there was considerable variation in the
amount of available aluminium in the soil at neighbouring
sites. The average pH shown in Table 1 was also that used
in the hydroponic experiments, namely pH 4. The amount of
aluminium in the soil was a useful criterion for the evaluation
of aluminium tolerance levels of the Citrus species under
field conditions. The range of aluminium concentrations
chosen for our experiments was between 50–2 000µM.
The seeds of the three pummelo cultivars were collected
from healthy trees. Although, the fruits themselves were of
poor quality, with a sour or bitter taste, they contained
numerous seeds. Such trees often occur in home gardens.
Because of the numerous seeds, these pummelo cultivars
could be used as potential rootstocks for grafting selected
varieties to be grown on slightly acid sulphate soils.
A combination of soil analysis and hydroponic culture
allows quick evaluation of aluminium tolerance of Citrus
species. Based on root elongation, the level of tolerance
from low to high levels of aluminium was evaluated as fol-
lows: ‘Banhxe’, ‘Ngang’, ‘Ngot’, Citrus nobilis and Volkamer
lemon. There was a strong negative correlation between
root elongation and aluminium concentrations.
Table 2: Hydroponic culture of different cultivars and species of
Citrus. Number of days before the tap root starts to develop lateral
roots, when subjected to different aluminium concentrations
Cultivar or species Aluminium concentration (µM)
500 1 000 2 000
‘Banhxe’ 21 18 15
‘Ngang’ 24 21 15
‘Ngot’ * 18 15
Citrus nobilis * 24 21
Citrus volkameriana * 24 21
* no lateral roots appeared
Table 3: Recovery percentage of inhibited lateral roots of Citrus species after six days in distilled water, after the seedlings had been sub-
jected to different aluminium concentrations for four weeks
Aluminium concentration (µM) Citrus grandis C. nobilis C. volkameriana
‘Banhxe’ % ‘Ngang’ % ‘Ngot’ % % %
500 73 ± 6 67 ± 6
1 000 50 ± 0 17 ± 6 47 ± 15 57 ± 6 73 ± 6
2 000 0 0 33 ± 6 20 ± 10 47 ± 6
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The causes for inhibition of root elongation can be multi-
ple: inhibition of meristematic cell division or inhibition of cell
elongation in the root apex (Delhaize and Ryan 1995,
Kochian 1995, Rengel 1996, Ikegawa et al. 1998). The root
apex comprises three zones: the root cap, the meristematic
zone and the elongation zone. Bennet and Breen (1991)
reported that the root cap plays a major role in aluminium
toxicity in maize. However, Ryan et al. (1993) suggested that
the meristem is the primary site of aluminium toxicity.
Aluminium is localised in actively dividing regions such as
the root tip, differentiating lateral roots and to a limited extent
in the root epidermis (Matsumoto et al. 1976, Wagatsuma et
al. 1987, Eleftheriou et al. 1993). Other authors reported that
aluminium induced cell death in root tip cells (Pan et al.
2001), or that aluminium accumulated in nuclei of cells in the
root tip (Silva et al. 2000). However, the cytoskeleton may
also be a target for aluminium toxicity. Using indirect
immunofluorescence microscopy, microtubules and microfil-
aments in roots were visualised and changes in their organ-
isation and stability correlated with the symptoms of alumini-
um toxicity (Blancaflor et al. 1998). Despite these findings
there are many different theories to explain the causes and
sites of root elongation inhibition due to aluminium toxicity in
crops. The initial target sites still remain unknown.
In several annual crops, studies of aluminium toxicity have
shown that inhibition of root elongation occurred within sev-
eral hours after providing aluminium (Rincon and Gonzales
1992, Ryan et al. 1993, Blancaflor et al. 1998, Vazquez et al.
1999, Kidd et al. 2001). Roots became thick and brown in
colour and inefficient in absorbing nutrients and water when
they remained exposed to aluminium for a longer period
(Rengel 1992).
In our study, the results showed complete inhibition of root
elongation by day 27 at aluminium concentrations between
1 000–2 000µM. The different responses to aluminium were
species dependent. Volkamer lemon was the most alumini-
um tolerant and ‘Banhxe’ pummelo the least among the five
Citrus cultivars and species. Also, we did not find any sensi-
tivity to aluminium among the Citrus species at low concen-
trations. We could find no information on the relationship
between Citrus and aluminium. The Citrus species used in
these experiments are popular in the Mekong Delta, some-
times showing adaptation to the slightly acid sulphate soils,
but often manifesting poor growth and development.
Haematoxylin is a natural dye extracted from the heart-
wood of a tropical tree, logwood (Haematoxylin campechi-
anum); upon oxidation it forms the active staining agent,
haematein. Oxidation may be affected by atmospheric oxy-
gen or by addition of one of the metal alums to the dye solu-
tion (Ruzin 1999). The simple haematoxylin staining tech-
nique (Polle et al. 1978) was developed for the selection of
aluminium tolerant cultivars of wheat, and is based on the
colorimetric property of the dye to give a blue purple stain
when complexed with aluminium. Thus, visual evaluation of
stained roots can be used to detect aluminium accumulation
in root tissues. Haematoxylin staining shows that aluminium
accumulates mainly in the apical root region of numerous
crops. Staining intensity can differentiate between root tips
of sensitive and tolerant species (Polle et al. 1978, Rincon
and Gonzales 1992). Polle et al. (1978) reported that at low
concentrations, the stainable region remained unstained
close to the root tip; as the aluminium concentration
increased the unstained region became progressively small-
er until a continuous apical stained region was formed. Our
results confirm these observations. Root tips of the three
Citrus species were almost completely stained as aluminium
concentration increased, and this was correlated with a
reduction in root elongation. Inhibition of primary root elon-
gation at high aluminium concentrations stimulates forma-
tion of lateral roots. These lateral roots originate from pri-
mordia situated in the pericycle. Weier et al. (1982) indicat-
ed that initiation of lateral roots at particular locations was
controlled by growth regulators causing pericyclic cells to
divide. This can be explained by the fact that aluminium
affects only the meristematic region of primary roots, and
has almost no effect on the pericycle. When new lateral
roots extend, they have direct contact with the aluminium
solution and aluminium toxicity inhibited elongation of these
lateral roots.
Inhibited lateral roots recovered after six days of exposure
to distilled water, and frequently new laterals appeared. In
no case did primary roots recover. Our results indicate that
the effects of aluminium toxicity were relatively low on later-
al root tips and on the pericycle, but relatively important on
primary roots. Silva et al. (2001) reported that aluminium
accumulation in primary roots was greater than that in later-
al roots of soybeans. It is too early to give conclusive results
on this aspect of our work.
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